The kidney is affected by many chemicals. Some of the chemicals may even contribute to endstage renal disease and thus contribute considerably to health care costs. Because of the large functional reserve of the kidney, which masks signs of dysfunction, early diagnosis of renal disease is often difficult. Although numerous studies aimed at understanding the mechanisms underlying chemicals and drugs that target various renal cell types have delivered enough understanding for a reasonable risk assessment, there is still an urgent need to better understand the mechanisms leading to renal cell injury and organ dysfunction. The increasing use of in vitro techniques using isolated renal cells, nephron fragments, or cell cultures derived from specific renal cell types has improved our insight into the molecular mechanisms involved in nephrotoxicity. A short overview is given on the various in vitro systems currently used to clarify mechanistic aspects leading to sublethal or lethal injury of the functionally most important nephron epithelial cells derived from various species. Whereas freshly isolated cells and nephron fragments appear to represent a sufficient basis to study acute effects (hours) of nephrotoxins, e.g., on cell metabolism, primary cultures of these cells are more appropriate to study long-term effects. In contrast to isolated cells and fragments, however, primary cultures tend to first lose several of their in vivo metabolic properties during culture, and second to have only a limited life span (days to weeks). Moreover, establishing such primary cultures is a time-consuming and laborious procedure. For that reason many studies have been carried out on renal cell lines, which are easy to cultivate in large quantities and which have an unlimited life span. Unfortunately, none of the lines display a state of differentiation comparable to that of freshly isolated cells or their primary cultures. Most often they lack expression of key functions (e.g., gluconeogenesis or organic anion transport) of their in vivo correspondents. Therefore, the use of cell lines for assessment of nephrotoxic mechanisms will be limited to those functions the lines express. Upcoming molecular biology approaches such as the transduction of immortalizing genes into primary cultures and the utilization of cells from transgenic animals may in the near future result in the availability of highly differentiated renal cells with markedly extended life spans and near in vivo characteristics that may facilitate the use of renal cell culture for routine screening of nephrotoxins. -Environ Health Perspect 1 06(Suppl 2):559-569 (1998). http://ehpnetl.niehs.nih.gov/docs/1998/Suppl-2/ 559-569pfaller/abstract.html
Introduction
Exposure to drugs and chemicals often results in toxicity to living organisms. We must recognize the fact that not all compounds are equally toxic to all parts of a living system because the toxic actions of many compounds are manifested in specific organs. These organs are known as target organs of toxicity. This concept has developed into the evaluation of toxicants via their target organ specificity.
Several factors determine the susceptibility of a particular organ to toxicity. These factors include the pharmacokinetics of the compound, the metabolic fate of the compound, and the target organ's ability to respond to the toxic insult. Many reactive intermediates can initiate toxicity via binding to cellular macromolecules or via generation of reactive oxygen species, which may lead to peroxidative damage of functionally crucial cellular structures such as membranes or nucleic acids.
The kidneys are dynamic organs and represent the major control system maintaining body homeostasis, i.e., water and electrolyte balance. Although they comprise less than 1% of total body mass, they receive about 20% of the resting cardiac output. The nature of renal structure and function renders the kidneys especially susceptible to toxic xenobiotics. The high rate of blood perfusion and the well-developed transport systems for ions and solutes, as well as the capability to recover water and thereby concentrate the solutes to be excreted from the body, make the kidneys extremely vulnerable to xenobiotic-induced toxicity. This is perhaps best illustrated by the fact that endstage renal disease (ESRD) represents a major burden to European health care systems. The health care costs for diagnosed ESRD patients in Europe amount to more than 3500 million European currency units per year. Approximately 30% of ESRD results from infectious or genetic diseases and approximately 20% result from therapeutic agents (1) . The majority (50%) of the diagnosed cases of ESRD, however, are of unknown etiology (Table 1) . Current consensus suggests that chemicals and drugs probably play a significant role in those degenerative conditions for which there currently is no documented etiology.
It is difficult to establish the etiology of these cases of ESRD because humans are exposed to many potentially nephrotoxic chemicals, any one of which may take up to several decades to produce clinical symptoms. This is especially so with renal disease, as it is difficult to diagnose at an early stage when causality could be more clearly understood. quantities of metabolic energy for renal function (4, 5 (8) (9) (10) (11) . In addition, intracellular concentrations of reduced glutathione (GSH) and GSH-dependent enzymes are highest in this nephron segment (8) . Therefore, injuries that alter cellular redox state, such as oxidative stress during ischemia-reperfusion injury, will vary along the nephron. Variations are also expected according to the differences in cellular energy metabolism, which displays a similar distribution pattern to that outlined for GSH. Indeed, early proximal nephron segments (S-2 segments) appear to be more resistant to oxidative injury than their outer medullary portions (S-3 segments) and the thick ascending limb of Henle's loop (8) .
The cellular and molecular mechanisms of a limited number of nephrotoxic lesions are now sufficiently well understood to allow rational risk assessment to be undertaken. A Of importance is that the intact kidney possesses the capability to concentrate several compounds during urine formation to a degree that may exceed plasma concentration by a factor of 102 to 103, and that this process cannot can be assessed analytically for every potentially toxic compound.
A number of end points, e.g., enzyme leakage from cells; alterations in solute transport across cultured renal epithelial cell layers; their energy metabolism; the synthesis, expression, and turnover of a number of specific cellular marker molecules; and light and ultrastructural pathology, have been applied to the in vitro techniques outlined in more detail below.
Higher Order Systems
The Isolated Perfused Kidney. The isolated perfused kidney ([IPK]; usually taken from rat or rabbit), either perfused cell free or in the presence of erythrocytes (13) , is the most appropriate system for studying potentially nephrotoxic xenobiotics (14) when tubulovascular integrity is required. This system is not influenced by higher order regulatory systems (e.g., nervous, hormonal, and blood-borne factors).
The IPK enables precise control of the concentration of compound that is being studied. However, it is not a system to be used for routine examinations. The disadvantage, compared to studies of the kidney in situ, is that renal function is maintained for only a short period of time (approximately 2 hr), although the life span can be prolonged considerably by the use of sterile tubing or the addition of oxyphoretic compounds or erythrocytes (13 Renal Tissue Slices. One of the earliest in vitro techniques applied and still widely used for the study of transport and toxicity is the renal tissue slice (17) . A substantial portion of our current knowledge on nephrotoxic mechanisms has been derived from this technique. However, renal slices present several disadvantages. First, slices contain a heterogeneous cell population, which makes assessment of functional changes upon exposure to a toxicant in a specific cell type quite cumbersome. Second, many of the cells and the exposed surfaces are damaged from cutting. Third, slices still represent a complex conglomerate of various cell types interacting with each other and do not ensure that every cell of interest is exposed to nutrients and oxygen to the same extent. Although precision cutting (18) and prolonged incubations (19) have been developed, the use of isolated and enriched fractions of defined nephron segments (tubular fragments) and nephron cells types remains superior for studies of mechanistic aspects of nephrotoxicity.
Isolated Glomeruli, Tubular Fragments, and Renal Cells. Freshly isolated glomeruli, glomerular mesangial or epithelial cells (20) , and fragments or cells from defined nephron segments (21) have been used to assess acute effects of chemicals. The isolation is based on forcing finely minced tissue (either untreated or subjected previously to enzymatic digestion) into oxygenated buffer through a series of sieves (22) . The purity of the glomerular and tubular preparation is high and can be further improved by subjecting the fragments to percoll isopycnic centrifugation (21 (27) (32) .
Obtaining primary cultures from the kidney is somewhat hampered by the fact that there are at least 15 to 20 cell types that comprise the kidney and the nephron, respectively (33) . One must ensure that homogeneous cultures have been obtained before any study can begin (34) .
Despite this difficulty, primary cultures of proximal nephron epithelium from various species have been developed, i.e., mouse (35) , rat (36, 37) , rabbit (38) , and pig (39) . Although cells in primary culture tend to dedifferentiate within hours, the characteristics of those cells are usually closer to the in vivo situation as compared to cell lines.
The methods of isolation used are bulk isolation of nephron fragments or of cells by the methods described above (mechanical disruption, sieving, digestion, and isopycnic centrifugation). The enriched tubular segments or cell types must then be submitted to appropriate media to either maintain proliferation or to select for specific cell types.
Precise knowledge of the segmental metabolic (4,40) and hormonal (41, 42) properties along the mammalian nephron allows application of specific metabolic tissue culture conditions to select the nephron cell type of interest. D-Amino acid (Dvaline)-containing culture media can be used to select for cells that express D-amino acid oxidase activity and prevent the culture overgrowth by fibroblasts (43) . Glucose-free pyruvate-supplemented culture media will provide growth only for gluconeogenesiscompetent proximal tubular cells (44) (45) (46) . For the isolation of papillary collecting duct cells, their ability to resist a hypoosmotic shock was used to remove noncollecting tubule cells from a papillary digest (47) .
The most sophisticated metabolic and endocrinologic approach developed to specifically select certain cell types is the design of serum-free hormonesupplemented culture media (48) . Today, hormonally defined media descriptions are available for culturing cells of almost all nephron segments of the most widely used mammalian species (34, 36, (49) (50) (51) including human (52) .
Bulk isolation can be combined with immunodissection and immunoselection, an innovative protocol in the setup of renal primary cultures. This method uses specific antibodies as immunoaffinity reagents to isolate populations of different renal cell types. As the number of polyclonal and/or monoclonal antibodies directed against cell surface antigens unique to different renal cell types steadily increases [a set of cellspecific monoclonal antibodies has already been described (53) (54) (55) ], this immunologic procedure will become a widespread tool in establishing primary cultures of defined subpopulations of cells, especially from distal and cortical collecting tubule portions (56, 57) . The most advanced methodology to establish ultrapure primary cultures of proximal and distal tubular cell populations was recently described by Helbert (58) , who used immunodissection in combination with flow cytometry to establish renal primary cultures of proximal tubular S-1, S-2, and S-3 segment cells from the human kidney.
A more laborious method is the visual selection of individual tubular segments (16) and outgrowth under appropriate culture conditions (34) .
One of the disadvantages of establishing renal primary cultures is that there is still a considerable gap in available information with respect to markers that can be used to unambiguously identify the respective in situ ancestor cell (32) , in particular those of glomerular origin, after bulk isolation of cells by centrifugation. Furthermore, the situation is complicated by the fact that cells tend to quickly dedifferentiate as they are maintained in culture.
Furthermore, not all nephron cells isolated so far can be passaged during primary culture either because of dedifferentiation or because of the unavailability of adequate culture media. For example, growth of primary cultures of rat proximal tubules is extremely difficult (59) . Some improvement has been achieved by utilizing microporous growth supports (60) (68) . Proximal nephron cell lines have been produced by targeted oncogenesis in transgenic mice using a pyruvate kinase-SV40(T) antigen hybrid gene (69) . Transduction of the SV40 large T antigen has also been used to establish cell lines from rat primary proximal nephron cell cultures of the Wistar Kyoto rat (70) and the rabbit (71, 72) . Immortal human proximal tubular cell lines have further been generated by transduction with human papilloma virus (HPV 16) E6/E7 genes (73) . Using a hybrid adeno 12-SV40 vector (74) , successful immortalization of rabbit (75) and human proximal primary cultures was achieved (76) . It remains to be established whether these newly developed lines have maintained all the desired characteristics of their in vivo precursor cells and are able to retain their functional characteristics through multiple passages.
Culture Conditions for in Vitro Nephrotoxicity Testing
Culture media composition, including serum, hormones, growth factors, culture substrata, and extracellular matrix components, substantially influence the expression of specific morphologic features and functions and thus the degree of cell differentiation. The expression of membrane enzymes and transport systems varies significantly with culture duration (77) . It is therefore essential to precisely define the culture conditions for each cell line used and for each functional parameter studied in physiologic or toxicologic experiments.
Another major factor influencing cell shape, size, and degree of differentiation is the culture substratum, either the extracellular matrix (78) or the physical tissue culture support (79) . The degree of morphologic and functional differentiation of epithelial cells from different tissues increases considerably when the epithelia are cultured on permeable surfaces, thereby providing free access of tissue culture medium to the basolateral membrane surface (79) . This technique of culturing transporting epithelia represents a prerequisite for studying epithelial dysfunction for in vitro nephrotoxicity testing (80) .
Physiologic and Biochemical Functions in the Assessment of in Vitro Nephrotoxicity
A major route through which xenobiotic compounds are processed for excretion in the kidney is conjugation with GSH resulting in the formation of mercapturic acids (81) . This process is associated with the formation of highly reactive nephrotoxic compounds (82) . In particular, GSH and cysteine S-conjugates have been identified as nephrotoxins. In several studies, cysteine S-conjugate transport and toxicity have been elaborated in vitro on LLC-PKI cells derived from the pig proximal nephron (83) and rat proximal primary cultures (84) . LLC-PK1 cells respond to toxic GSH and cysteine S-conjugates and biotransformed cysteine S-conjugates respond to toxic mercapturates. Furthermore, these conjugates are taken up by a basolateral amino acid transport system (83) . Recently, mercapturic acid formation was also shown in OK cells (85) . Thus, cultured epithelial cells may serve as model systems to study aspects of renal biotransformation (86) and the resulting nephrotoxicity and nephrocarcinogenicity (87) . Nephrotoxic and mutagenic cysteine conjugates are activated by the enzyme cysteine conjugate Ilyase to reactive acylating compounds that covalently bind to cellular macromolecules. In LLC-PK1 cells, S-(1,2-dichlorovinyl)-Lcysteine induced mRNA for c-fos and cmyc, which could be blocked in part by reducing agents. Buffering of the elevated intracellular Ca2+ induced by the cysteine S-conjugate could reduce c-myc but not cfos induction (88) . Thus toxicity resulting from bioactivated xenobiotics appears to selectively trigger intracellular signaling pathways that have pronounced effects on gene expression, e.g., the DNA damageinducible gene gadd 153 (89) . Depletion of cellular glutathione by reactive electrophiles can activate transcription of the hsp 70 gene family (90) . Moreover, nephrotoxic xenobiotics at sublethal concentrations seem to alter expression and release of growth factors such as fibroblast growth factor type-1 and epidermal growth factor (91) , which may thereby trigger accelerated repair of renal epithelium (92) . Transforming growth factor beta-i, on the other hand, seems to suppress repair (spreading and proliferation) of mercury and dichlorovinyl-L-cysteine triggered damage in rabbit primary proximal tubular cultures (66) .
The recent observation of the expression of the multidrug transporter P-glycoprotein (93) (32) .
Maintenance of monolayer integrity following the administration of a toxic xenobiotic can be monitored easily by using light microscopy analogous to histopathology. Cell integrity can further be determined by measuring the release of marker enzymes of the various cellular compartments into the culture medium, as in urine analysis. The enzymes determined are usually lactate dehydrogenase (80) , Nacetylglucosaminidase, glutamate dehydrogenase, y-glutamyltranspeptidase, or alkaline phosphatase (81) . One should keep in mind, however, that the toxic compound studied may also inhibit the activity of the marker enzyme (96) .
Other parameters that can be used to ascertain the nephrotoxic action of xenobiotics are those indicative of the integrity of transport functions of the cultured epithelium. These parameters include the microscopic observation of domes (97), measurement of epithelial leakage of indicator compounds (98) , and monitoring of transepithelial electrophysiologic parameters in Ussing-type chambers (99) . These parameters are the spontaneous transepithelial potential difference, the transepithelial resistance, the ion transport-generated short circuit current, and the anion-to-cation permeability ratio as a measure of the shunt path perm-selectivity of the epithelium. In particular, these parameters seem to provide the most sensitive measures of epithelial permeability and thus of the barrier function of the cultured epithelium (100) .
The latter parameter in particular has been successfully applied for leaky epithelia such as the proximal nephron (101) . Because of the low transepithelial resistance (100-400 Q x cm2) of most of the cultured epithelia and the mammalian proximal tubule, accurate measurements of the transepithelial resistance are difficult to perform and are highly dependent on the geometry of the Ussing-chamber device and on the geometry and reproducibility of the electrode positioning, respectively (102) . Thus, quantification of transport and its alteration by toxic xenobiotics by means of electrophysiologic techniques is hampered by the very low spontaneously generated transepithelial potentials and resistances. Despite these facts the differential effects of reactive oxidants on apical and basolateral membrane domains and epithelial conductance of Madin-Darby canine kidney (MDCK) monolayers have been studied (103) . The effects of phorbol ester tumor promoters on epithelial tight junctions (104) and the disruption of intercellular junctions by cadmium (105) have also been studied on LLC-PKI epithelia using this approach.
Furthermore, electrophysiologic parameters obtained at the single cell level can be used to assess the cytotoxic action of xenobiotics (106) . Recently, the method of continuously recording the cell membrane potential of cultured cells with intracellular microelectrodes was applied to elucidate the mechanism of heavy metal toxicity in LLC-PK1 cells (107) . Measurements of cell membrane fluidity may provide additional information on epithelial membrane function (108) . The Na+-dependent uptake of glucose (109) and the transepithelial glucose flux were used as sensitive parameters of apical membrane function of injured cultured renal cells (110) .
Other parameters that have been successfully used to elaborate nephrotoxicity in experimental animals, including the measurement of cell metabolism and intracellular ion homeostasis, can also be applied in in vitro studies of cultured renal cells. The key role of intracellular calcium in the pathogenesis of renal cell injury in acute renal failure is well established (111) . Measurements of cytosolic calcium concentrations in cultured renal cells (112) permit the study of perturbations of calcium homeostasis under different nephrotoxic conditions (113) , although the effects of gentamicin on cytosolic calcium are still controversial (114) .
As a metabolic parameter, the level of cellular ATP, the main energy source for renal cellular and transepithelial transport (2) , is one of the best candidates to assess the metabolic and thus the functional state of normal and injured renal cells (106) . A highly sophisticated but noninvasive method to monitorsrenal cell metabolism and cellular ATP levels in vivo is nuclear magnetic resonance spectroscopy. The in vitro application of this technique (115) permits the study of the metabolism of freshly isolated and cultured renal epithelial cells (116) .
In addition to all these technical approaches, the morphologic assessment of cell damage at light microscopic and ultrastructural levels will still provide valuable tools in studies of renal cell injury (80 The most simple approach would be adaptation to culture conditions that more closely resemble the in vivo environment of the respective cell type. As mentioned, omission or drastic reduction of glucose and replacement against pyruvate in the media used for cultivation of LLC-PK1 cells enables reexpression of gluconeogenesis (45, 46) . Fusion of cells of continuous cell lines (120) stemming from the same in vivo ancestor cell of different species and with different retainment of cellular functions, i.e., metabolic pathways, transport systems, or hormone receptors, may be used to establish new continuous lines more closely resembling the characteristics of the cell type of origin. Fusion of cells from primary cultures with cells from continuous lines delineated from the same nephron cell or nephron segment may help to either immortalize the respective primary culture or help to reexpress lost functions within the continuous cell type.
Genetic approaches (68,121) may deliver another route to establish new, more natural permanent cell lines. Transfection with different but defined genes will be one of the important tools (68, 122) .
These strategies should even offer the possibility of establishing cell lines expressing most or all of the functions of human renal epithelia. However, all of these trials demand careful selection procedures to isolate the fused hybridoma, the mutated, or the transfected cells.
